Theoretical and animal work has proposed that prefrontal cortex (PFC) glutamate inhibits dopaminergic inputs to the ventral striatum (VS) indirectly, whereas direct VS glutamatergic afferents have been suggested to enhance dopaminergic inputs to the VS. In the present study, we aimedtoinvestigaterelationshipsofglutamateanddopaminemeasuresinprefrontostriatalcircuitriesofhealthyhumans.Wehypothesizedthat PFC and VS glutamate, as well as their balance, are differently associated with VS dopamine. Glutamate concentrations in the left lateral PFC and left striatum were assessed using 3-Tesla proton magnetic resonance spectroscopy. Striatal presynaptic dopamine synthesis capacity was measured by fluorine-18-L-dihydroxyphenylalanine (F-18-FDOPA) positron emission tomography. First, a negative relationship was observed between glutamate concentrations in lateral PFC and VS dopamine synthesis capacity (n ϭ 28). Second, a positive relationship was revealed between striatal glutamate and VS dopamine synthesis capacity (n ϭ 26). Additionally, the intraindividual difference between PFC and striatal glutamate concentrations correlated negatively with VS dopamine synthesis capacity (n ϭ 24). The present results indicate an involvement of a balanceinPFCandstriatalglutamateintheregulationofVSdopaminesynthesiscapacity.Thisnotionpointstowardapotentialmechanismhow VS presynaptic dopamine levels are kept in a fine-tuned range. A disruption of this mechanism may account for alterations in striatal dopamine turnover as observed in mental diseases (e.g., in schizophrenia).
Introduction
Dopamine is implicated in motivated behavior, reward learning, and cognitive control (Schultz, 1998; Bromberg-Martin et al., 2010; Cools, 2011) . It further acts as neuromodulator that is assumed to be crucially involved in driving synaptic plasticity (Surmeier et al., 2007; Di Filippo et al., 2009; Lovinger, 2010; Schultz, 2013) . Furthermore, dopaminergic signals exert their influence on different time scales (tonic and phasic) and on different neural systems [e.g., basal ganglia, prefrontal cortex (PFC)]. Theoretical accounts and empirical work clearly point to the idea that the dynamics of dopamine underlie complex regulatory mechanisms resulting in a fine-tuned, nonlinear system (Cools and D'Esposito, 2011) . A disrupted balance of this system in any direction may result in alterations of the associated functions. In general, the aim to identify surrogate imaging markers of the regulation of presynaptic dopamine function is key to many questions in human neuroscience as well as a better understanding of the neurobiology of mental diseases.
One central concept regarding a potential regulation is that the regulation of striatal presynaptic dopamine is driven by a balanced engagement of excitatory ("accelerator") and inhibitory ("brake") glutamatergic inputs (Carlsson et al., 1999) . This model has received tremendous attention, particularly with respect to the pathophysiology of schizophrenia (Carlsson et al., 1999; Laruelle et al., 2003; Stephan et al., 2006; Gonzalez-Burgos and Lewis, 2012; Schwartz et al., 2012) and neurochemical interactions in healthy individuals (Carlsson et al., 1999; Gleich et al., 2014) . Specifically, the PFC has been proposed to inhibit striatal dopaminergic activity indirectly via GABAergic interneurons, ultimately influencing striatal dopamine activity (Carlsson et al., 1999; Sesack et al., 2003) . This is supported by animal research in which the blockage of glutamate NMDA receptors in prefrontal regions resulted in increased dopamine release specifically in the ventral striatum (VS) (Del Arco et al., 2008; Usun et al., 2013) . With respect to local glutamate, the VS receives direct excitatory glutamatergic input, particularly from the hippocampus and amygdala (Grace, 1991; Sesack et al., 2003; Schwartz et al., 2012) . In accordance, animal research showed that increased striatal glutamate by reverse microdialysis resulted in higher availability of dopamine in the synaptic cleft, particularly in the VS (Segovia and Mora, 2001; Morales et al., 2012) . The need for in vivo investigation of this mechanism in humans was formulated previously, and a close coupling between striatal glutamate and dopaminergic tone was proposed (de la Fuente-Sandoval et al., 2011 ). Yet, a direct in vivo relationship between proxy measures of striatal glutamate and ventral striatal presynaptic dopamine has not been examined in humans.
Here, we investigate this proposed complementary relationship between prefrontal and striatal glutamate and VS presynaptic dopamine using human multimodal imaging. Glutamate was measured using single voxel magnetic resonance spectroscopy (1H-MRS), and presynaptic dopamine was estimated as the dopamine synthesis capacity from fluorine-18-L-dihydroxyphenylalanine (FDOPA) positron emission tomography (PET) scans. We tested three hypotheses based on prior research: First, PFC glutamate concentrations correlate negatively with VS dopamine synthesis capacity. Second, striatal glutamate concentrations correlate positively with VS dopamine synthesis capacity. Third, the balance of the two glutamate measures (PFC minus striatal glutamate) is negatively related to VS dopamine synthesis capacity.
Materials and Methods

Participants
Thirty-three healthy adults were recruited via advertisements on Internet platforms and in local newspapers. Before invitation to the study, a telephone interview was conducted with each participant. During this interview, standardized questions regarding their history of medical and psychological diseases and treatments and magnetic resonance imaging (MRI) safety as well as short demographic questions were asked. Lefthanded participants and participants with a prior neurological disease or a history of brain or head surgery, lifetime psychopharmacological treatment, or MRI contraindications (e.g., nonremovable ferromagnetic material) were excluded. Additionally, the Structured Clinical Interview for DSM-IV Axis I Disorders was assessed, and any Axis I disorder lead to exclusion from the study. The study was approved by the local ethics committee of the Charité-University Medicine Berlin, and participants received financial compensation for participation. All participants gave written informed consent. Besides the imaging measures described in the following, all participants were also cognitively characterized by their performance on the digit span test for working memory as well as the digit symbol substitution test for cognitive processing speed as part of the Wechsler Adult Intelligence Scale-III (Ryan and Paolo, 2001 ).
Magnetic resonance spectroscopy
Acquisition and analysis of MRS data. MRS imaging was conducted at the Berlin Center for Advanced Neuroimaging of the Charité-University Medicine Berlin, Mitte campus. Absolute glutamate concentrations in the PFC and the striatum were acquired with 3-Tesla 1H-MRS using water-suppressed and unsuppressed spectra [point resolved spectroscopy; 128/8 averages; 90°flip angle; echo time (TE), 80 ms; repetition time (TR), 3 s; automatic shimming]. MRS data were collected in the same session after acquisition of a high-resolution T1 structural image (MPRAGE; 192 sagittal slices; TR, 1.9 s; TE, 2.52 ms; flip angle, 9°; FOV, 256 ϫ 256; matrix size, 256 ϫ 256; 1 ϫ 1 ϫ 1 mm resolution; axially oriented 3D sequence).
MRS voxel localization. A 40 ϫ 10 ϫ 20 mm voxel was placed in the left PFC (Fig. 1) . The PFC voxel was placed in the dorsolateral prefrontal cortex (on a lateral slice) anterior to the motor cortex, with the longer edge of the voxel parallel to the lateral sulcus. Then, on the same view, the voxel was located to be intermediate between the dorsal borders of the insula and the dorsal hemispheric midline lining. Then, on a coronal view, the voxel was rotated and tilted to be parallel to the frontal skull bones and, additionally, to contain as much gray matter (GM) as possible (Fig. 1) .
Furthermore, a 20 ϫ 20 ϫ 20 mm voxel was placed in the left striatum (Fig. 1) . On a coronal plane, the voxel was first placed to contain the striatum in the center of the voxel. Then, due to individual differences in brain anatomy, the voxel was shifted dorsally and/or tilted counterclockwise on the coronal plane to include as many striatal and as few insular GM structures and as little CSF as possible. On the transversal and sagittal planes, voxels were individually shifted and tilted to contain as much GM as possible. All observers were trained on the localization of the voxels and were further guided by anatomical descriptions from textbooks.
Analysis of MRS data. MRS data were analyzed using the Linear Combination of Model spectra (LCModel) commercial spectral-fitting package (Provencher, 2014), using water-suppressed and unsuppressed spectra. This method allows the quantification of many metabolites in the magnetic resonance spectrum in the region of interest (ROI); however, here we were only interested in glutamate concentrations. All MRS voxels were individually placed by anatomically trained MR operators, and all spectra in the PFC were reliably measured by definition of Cramér-Rao lower bounds of Ͻ20% fit deviation (mean fit deviation, 9.03%; SD, 2.80; range, 6 -16%). We applied a more liberal criterion for the Cramér-Rao lower bounds in the VS (Յ25%) due to lower MRS signal-to-noise ratio in deep brain structures (Schwerk et al., 2014 ; mean fit deviation, 17.31%; SD, 3.92; range, 7-25%).
Glutamate measured by MRS is considered to reflect the total content of glutamate in the region of interest (Rothman et al., 2011) , independent of brain tissue compartments. Therefore, GM, white matter (WM), and CSF fractions within the MRS voxels were segmented using the unified segmentation approach (Ashburner and Friston, 2005) in Python software (Python Software Foundation; Python Language Reference available at https://docs.python.org/2/reference/index.html) based on the high-resolution T1 structural image. Subsequently, absolute glutamate concentrations were adjusted for GM and WM content within the voxel using the following formula: glutamate adjusted ϭ glutamate absolute ‫ء‬ (1/GM ϩ WM). Throughout the rest of the present study, we report only adjusted glutamate concentrations. Glutamate concentrations have units of millimoles per liter.
FDOPA PET
Acquisition of PET data. PET data were acquired at the department of nuclear medicine at the Rudolf Virchow Hospital in Berlin using a PET/CT scanner (Philips Gemini TF16) in 3D mode. After a low-dose transmission CT-scan, a dynamic "list-mode" emission recording lasting 60 min started simultaneously with intravenous bolus administration of 120 -200 MBq FDOPA. List-mode data were framed (20 frames, 3 ϫ 20 s, 3 ϫ 1 min, 3 ϫ 2 min, 3 ϫ 3 min, 7 ϫ 5 min, 1 ϫ 6 min) and reconstructed iteratively with CT-based attenuation and scatter correction.
Analysis of PET data. PET data were analyzed using Statistical Parametric Mapping 8 (Wellcome Department of Imaging Neuroscience, Institute of Neurology, London; http://www. fil.ion.ucl.ac.uk/spm/). The image frames were realigned to correct for head motion between frames. The individual mean images and individual T1 images were coregistered. Each participant's anatomical T1 image was spatially normalized using the unified segmentation approach (Ashburner and Friston, 2005) . The computed normalization parameters were then applied to the coregistered PET frames. For statistical analysis, dopamine synthesis capacity was quantified as FDOPA K i (minutes Ϫ1 ), which was estimated voxel by voxel using Gjedde-Patlak linear graphical analysis (Patlak and Blasberg, 1985) . Radioactivity time curves in a standard cerebellum mask as defined in WFU PickAtlas excluding vermis (Tzourio-Mazoyer et al., 2002) were used as the input function. The linear fit was restricted to the time interval 20 -60 min after injection. As the ROI, we selected the left ventral (limbic) striatum (Martinez et al., 2003; Howes et al., 2012) , analogous to left hemisphere MRS voxel placement for both regions, and limbic/ventral because it matched the localization of the striatal MRS voxel most closely. Mean K i values were extracted for the ventral striatal ROI from voxelwise map of each individual.
Statistical analysis of dopamine-glutamate relationships
Absolute glutamate concentrations in the PFCs of four participants could not be fitted due to bad signal-to-noise ratios. In the striatum, absolute glutamate concentrations could also not be fitted in five participants. These data were excluded from further analyses. For statistical analyses, we first tested whether dependent variables were normally distributed using the Shapiro-Wilk test. This test showed that the glutamate concentrations in the PFC (W(29) ϭ 0.85; p Ͻ 0.01) and the striatum (W(28) ϭ 0.77; p Ͻ 0.001) were not normally distributed. Furthermore, K i values were distributed normally in both samples (PFC glutamate-VS K i relationship, W(28) ϭ 0.95, p ϭ 0.15; striatal glutamate-VS K i relationship, W(28)ϭ 0.94, p ϭ 0.10). Due to nonnormal distributions of glutamate concentrations, Spearman correlation coefficients were used for all analyses. We further tested for the presence of outliers by standardizing glutamate concentrations and FDOPA K i values into z-scores and subsequently excluding subjects with a z-score above 3 SDs (Field, 2009) . This led to exclusion of one outlier regarding PFC glutamate and two outliers for striatal glutamate concentrations. Thus, the final correlation analyses comprised 28 participants regarding the relationship between PFC glutamate concentrations and ventral striatal dopamine synthesis capacity (age range, 20 -43 years; mean age, 28.9 years; SD, 5.53 years; 12 females) and 26 participants for the relationship between VS glutamate concentrations and ventral striatal dopamine synthesis capacity (age range, 20 -39 years; mean age, 26.31 years; SD, 4.89 years; 11 females). Additionally, to index the balance of PFC and VS glutamate, we subtracted glutamate concentrations in the striatum from glutamate concentrations in the PFC to compute "⌬Glu". This could only be computed when glutamate concentrations were avail- able for both regions, which led to an overlapping sample of 24 participants. Then, we tested whether ⌬Glu was related to VS dopamine synthesis capacity using Spearman correlation coefficient. We also explored correlations of all neurochemical imaging measures with the two collected cognitive tests, the digit span and digit symbol substitution tests.
Results
Glutamate concentration and tissue composition within voxels GM-and WM-adjusted mean glutamate concentrations were 7.85 mmol/L in PFC (n ϭ 28; min ϭ 4.36 mmol/L; max ϭ 11.08 mmol/L; SD, 1.34) and 11.94 mmol/L in the striatum (n ϭ 26; min ϭ 5.44 mmol/L; max ϭ 17.94 mmol/L; SD, 3.16 mmol/L). GM, WM, and CSF fractions within PFC and striatal voxels (after exclusion of outliers) are reported in Table 1 ; please note the relatively large contribution of WM.
Dopamine synthesis capacity
The mean K i in the left ventral striatum was 0.0147 (n ϭ 33; min ϭ 0.0126; max ϭ 0.0174; SD, 0.0014).
Glutamate-dopamine relationships
First, a negative relationship was observed between left PFC glutamate concentrations and left VS dopamine synthesis capacity (n ϭ 28; Spearman's r (26) ϭ Ϫ0.42; p ϭ 0.03; Fig. 1 ). Second, we found a positive relationship between left striatal glutamate concentrations and left VS dopamine synthesis capacity K i (n ϭ 26; Spearman's r (24) ϭ 0.41; p ϭ 0.04; Fig. 1 ). Third, ⌬Glu showed a significant negative correlation with left VS dopamine synthesis capacity K i (n ϭ 24; Spearman's r (22) ϭ Ϫ0.46; p ϭ 0.02; Fig. 2 ). PFC and striatal glutamate concentrations were not correlated significantly (n ϭ 24; Spearman's r (22) ϭ Ϫ0.11; p ϭ 0.58).
We additionally tested whether the observed correlations were influenced by gray matter fractions within the MRS voxels using nonparametric partial correlations (Conover, 1999). The correlations between PFC glutamate and ventral striatal FDOPA K i (n ϭ 28; r (25) ϭ Ϫ0.373; p ϭ .054) and between striatal glutamate and ventral striatal FDOPA K i (n ϭ 26; r (23) ϭ 0.397; p ϭ .049) remained at the border of significance when controlling for gray matter fractions.
Correlations between neurochemical measures and cognitive tests
When exploring associations between all neurochemical measures (VS dopamine synthesis capacity, striatal and PFC glutamate concentrations, and ⌬Glu) and the two cognitive tests acquired (digit span for working memory and digit symbol substitution for cognitive processing speed), no significant correlations were observed (all r values between 0.15 and Ϫ0.34; all p Ͼ 0.07).
Discussion
Using multimodal imaging, we provide two main results: a negative correlation between PFC glutamate and VS dopamine synthesis capacity and a positive relationship between striatal glutamate and VS dopamine synthesis capacity. These results point toward a potential mechanism of how PFC and striatal glutamate might be complementarily involved in keeping subcortical presynaptic dopamine within a fine-tuned range. In support, we also show that the balance between PFC glutamate and striatal glutamate is negatively related to VS dopamine synthesis capacity. These findings suggest that the applied neuroimaging measures may serve as a surrogate of a neurochemical balance in prefrontostriatal circuits and may thus have important implications for the pathophysiology of psychiatric disorders, in particular, schizophrenia.
Inverse coupling between prefrontal glutamate and ventral striatal dopamine First, PFC glutamate concentrations were negatively related to VS dopamine synthesis capacity. In line, animal research demonstrated that PFC glutamate may act on VS dopamine via inhibitory GABAergic interneurons (Balla et al., 2009 ). The observed negative correlation of PFC glutamate and VS dopamine also resonates with pharmacological challenge studies; after NMDA receptor blockage by ketamine, increased VS dopamine release was observed in human and animal research (Rowland et al., 2005; Del Arco et al., 2008; Stone et al., 2012; Usun et al., 2013) . Still, it remains unclear how dopamine release exactly relates to dopamine synthesis capacity as measured via PET. In animal research, the specific NMDA antagonist 3-[( R)-2-carboxypiperazin-4-yl]-propyl-1-phophonic acid (CPP) was injected in the PFC, and increased extracellular concentrations of VS dopamine were observed subsequently (Del Arco et al., 2008) . Thus, the present result fits with findings from animal research regarding the regulation of VS dopamine levels.
Positive coupling between ventral striatal glutamate and ventral striatal dopamine
The second finding, a positive relationship between VS glutamate concentrations and VS dopamine synthesis capacity, is also supported by animal research. In animals, glutamate reuptake in the striatum was first blocked by the reuptake inhibitor L-transpyrrolidine-2,4-dicarboxilic acid, leading to an increase in extracellular dopamine and glutamate (among others). Subsequently, CPP was administered in the VS, which resulted in attenuation of extracellular dopamine (Segovia and Mora, 2001 ). Thus, these pharmacological effects in animals show the same direction as the positive correlation observed here. Furthermore, it was suggested that direct excitatory limbic afferents to the VS mainly stem from the hippocampus (Grace et al., 2007; Goto and Grace, 2008) . However, it is impossible to distinguish between excitatory and inhibitory glutamatergic afferents to the VS using MRS imaging, because MRS measures the total glutamate concentration.
The balance of prefrontal vs striatal glutamate relates positively to ventral striatal dopamine Third, we show that interindividual differences between PFC and VS glutamate concentrations correlated negatively with VS dopamine synthesis capacity. Thus, a balance of PFC-VS glutamate may play a role for fine-tuned regulation of VS presynaptic dopamine. This notion is supported by research proposing complementary glutamatergic inputs to the striatum from the "inhibitory" prefrontal and "excitatory" limbic system (Carlsson et al., 1999) . Our observation fits to developmental animal models of schizophrenia, in which a disruption of prefrontal-hippocampal inputs to the VS resulted in aberrant VS plasticity (Belujon et al., 2014) . Further studies helped to identify the ventral hippocampus as one important player for elevated presynaptic dopamine function (Blaha et al., 1997; Legault and Wise, 1999; Grace et al., 2007) . With regard to regulation of VS presynaptic dopamine, it remains an open question whether interindividual variation arises from PFC or VS glutamate alone or whether the interaction might be decisive. This question may be more appropriately addressed in future studies measuring the entire trio of PFC and VS glutamate and striatal presynaptic dopamine combined with pharmacological challenges of dopamine and glutamate in animals and, if possible, humans.
Implications for mental diseases
The presented results are of interest regarding the "dopamineglutamate hypothesis of schizophrenia" . From meta-analyses, increased striatal presynaptic dopamine is well known in schizophrenia, with the most convincing evidence for the more dorsal or associative parts of the striatum (Howes et al., 2012; Fusar-Poli and Meyer-Lindenberg, 2013) , though it has also been shown in ventral striatal locations (McGowan et al., 2004; Kumakura et al., 2007) . However, the origin of elevated striatal presynaptic dopamine remains unclear. It was proposed that a hypofunction of prefrontal NMDA receptors could be key and lead to elevated striatal presynaptic dopamine levels in patients . This idea resonates with the negative correlation between PFC glutamate and presynaptic VS dopamine synthesis capacity in the present study. Regarding PFC glutamate concentrations in schizophrenia, inconsistencies were present across studies with respect to medication (Poels et al., 2014) . However, a recent meta-analysis showed decreased frontal glutamate in schizophrenia patients, but medication status could not be taken into account (Marsman et al., 2013) . Disrupted interactions between dopamine and glutamate may be involved in aberrant modulation of synaptic plasticity (Surmeier et al., 2007; Di Filippo et al., 2009 ). Socalled "dysconnectivity" was proposed as a common biological characteristic of schizophrenia (Heinz et al., 2003; Stephan et al., 2006 ), e.g., between PFC and hippocampus (Meyer-Lindenberg et al., 2005 or PFC and parietal regions . This may represent a potential intermediate endophenotype of schizophrenia. The presented findings may also be relevant for other mental diseases. For instance, addiction disorders were proposed to be associated with disrupted synaptic plasticity (Lüthi and Lüscher, 2014), and glutamate-associated plasticity is mediated by neuromodulators like dopamine and serotonin (Stephan et al., 2006; Heinz et al., 2011) . Blunted presynaptic and postsynaptic striatal dopamine function was repeatedly observed in addiction (Volkow et al., 1996; Heinz et al., 2004; Martinez et al., 2005) . Additionally, disrupted modulation of plasticity-related learning signals by dopamine was shown in alcohol dependence (Deserno et al., 2015a) . Studies of glutamate concentrations in frontal lobe structures were more heterogeneous (Thoma et al., 2011; Mon et al., 2012; Abé et al., 2013; Ende et al., 2013) . Most distinct abnormalities were observed in the anterior cingulate cortex, whereas no differences were reported in the dorsolateral PFC (Mon et al., 2012) . Furthermore, ACC glutamate concentrations were found to vary as function of abstinence (Mon et al., 2012; Abé et al., 2013) . Another study indicated that frontal WM glutamate may be reduced in alcohol dependence (Ende et al., 2013) . Whereas interactions of glutamate and dopamine have been a target in animal models (Adrover et al., 2014; Nimitvilai et al., 2014) , studies in humans are lacking so far. Thus, our findings provide a platform for studying glutamate-dopamine interactions in humans across mental diseases.
Limitations
First, glutamate concentrations measured by MRS reflect the total content of glutamate in a region, rather than a direct neurotransmitter contribution, limiting biological plausibility. However, glutamate measured by MRS and also dopamine synthesis capacity measured via FDOPA PET relate to important behavioral and neural signatures in healthy participants Cools, 2008; Jocham et al., 2012; Schmaal et al., 2012; Gleich et al., 2014; Deserno et al., 2015b) and in schizophrenia patients (Meyer-Lindenberg et al., 2002; Fusar-Poli et al., 2011; FusarPoli and Meyer-Lindenberg, 2013) .
Second, specific neurophysiological mechanisms of how PFC and striatal glutamate regulate striatal presynaptic dopamine turnover remain to be elucidated. There has been substantial progress in translating animal models to human research focusing on schizophrenia (Modinos et al., 2015) . It was shown that hippocampal electrophysiological activity enhances phasic firing of midbrain dopamine neurons (Grace et al., 2007) , indicating a potential excitatory effect of glutamatergic input on midbrain dopamine firing via the hippocampus. Such glutamatergic input was shown to act locally at striatal presynaptic dopamine terminals via ionotropic (e.g., NMDA) receptors to facilitate tonic and impulse-independent phasic dopamine release (Borland and Michael, 2004 ), but glutamate may also indirectly enhance striatal dopamine via reuptake inhibition (Whitton, 1997). Regarding prefrontal glutamate, there is support that glutamatergic projections from the PFC influence dopaminergic projections to the striatum via GABA interneurons (Mora et al., 2002) . Interestingly, infusion of the GABA(B) receptor agonists C 4 H 12 NO 2 P and baclofen into the PFC and striatum reduced dopamine levels, and this effect was reversed by a GABA antagonist (Balla et al., 2009) . However, more research regarding specific receptor interactions potentially mediating the presented findings is needed.
Third, all presented findings are based on correlations and therefore preclude conclusions regarding causality. Future research should aim to investigate causal relationships more directly, e.g., by using multimodal imaging in combination with pharmacological interventions.
Conclusion
To our knowledge, this study provides first time in vivo evidence for an inverse coupling between prefrontal glutamate and striatal presynaptic dopamine function and a positive coupling between striatal glutamate and striatal presynaptic dopamine function in healthy human participants. Furthermore, we show that the balance between PFC and striatal glutamate also relates to VS presynaptic dopamine. These findings support theoretical assumptions regarding glutamate-dopamine interactions and point toward human imaging surrogate markers regarding the regulation of presynaptic dopamine function.
